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ABSTRACT 

- The results of an experimental study of the heat transfer 

i;      below normally Impinging Jets are presented. These results are 

correlated on the basis of the local mean flow and turbulent 

characteristics of the free jet that would exist in the plane of 

impingement were this plane to be removed. In order to make 

these local correlations possible, a rather extensive survey of 

the turbulent characteristics of the free jet used in the 

experiments is made that can be used in connection with previous 

studies of the local mean character of the Jet. On the basis of 

the method of local correlations which is developed, a rationale 

for computing heat transfer distributions below impinging Jets 

is suggested. 
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1.  INTROLUCTION 

_ The research that will be described in this report is part 
I 

i      of a general study of the relationship between the local 

properties of axially symmetric free Jets and the flows that 

result when such jets impinge upon a surface [1, 2], One 

objective of this total program has been to gain an understanding 

f      of the heat transfer that results when the stagnation temperature 

of such a Jet is different from that of the surface upon which 

T      ic impinges. 

■ If a laminar free jet impinges normally on a flat plate and 

Jif the flow is steady, the stagnation point heat transfer can be 

computed if one has a knowledge of the molecular transport 

^      properties of  :e gas in question, the centerline stagnation 

enthalpy of the Jet, the temperature of the plate, and the 

pressure distribution in the region of impingement. The compu- 

tation can be made since exact solutions of the Navier-Stokes 

equations can be obtained for laminar stagnation points. The key 

to obtaining such a solution is a knowledge of the stagnation 

point velocity gradient. For most Reynolds numbers of interest, 

this parameter may be determined from the measured pressure 

distribution in the region of impingement. Much attention has 

been given in the ARAP reports referenced above to relating this 

heat transfer parameter to the local mean properties that a free 

Jet would have in the plane of impingement if the surface on 

which impingement takes place were removed. 

Unfortunately, most free jets of practical importance are 

not laminar but are turbulent, and we are led to the problem of 

the effect of turbulence on stagnation point heat transfer. 

Over the past twenty years, a number of studies have been carried 

out on the effects of free stream turbulence on heat transfer 

[3 - 12]. The most recent of these studies have considered in 

detail the heat transfer in the vicinity of the stagnation line 

of cylinders placed normal to a turbulent air stream. In general, 

for relative turbulent intensities that are less than 10 percent 

1 
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and for cylinaers (two-dimensional flow), it has been found that 

stagnation heat transfer increases linearly with turbulence 

intensity, with !:he slope of this linear increase being larger 

with increase in Reynolds number. Unfortunately, there are large 

discrepancies among the slopes found by various investigators. 

The data are not sufficiently complete to enable the cause of 

these discrepancies to be determined at the present time, although 

it has been demonstrated [8] that the ratio of the Integral scale 

of the turbulence to the diameter of the cylinder can be an 

important additional parameter. 

In the case of heat transfer to spheres (axisymmetric flow), 

there is not so much information, but that which exists in the 

literature, as well as some unpublished results made available to 

the authors by Professor F. Costello,* indicates that the effect 

of turbulence on stagnation point heating in axisymmetric flew 

is less for small turbulence levels than for two-dimensional flow, 

In spite of all the quantitative uncertainty which is found in the 

data, it does appear that the best method of handling the compu- 

tation of stagnation point heating in the presence of turbulence 

is to compute the normal laminar stagnation point heat transfer 

rate and then to apply a correction factor which is a function of 

the free stream turbulence level, an appropriate Reynolds number, 

and the ratio of the integral scale of the turbulence to the 

length used in defining Reynolds number. Correction factors as 

high as 1.3 for turbulence levels as low as 2.7 percent have been 

reported in trie literature [11]. 

In considering the heat transfer to a surface due to the 

impingement of a turbulent jet, it wap decided, in the present 

study, that the correction factor method outlined above should 

be used in trying to correlate the stagnation point heat transfer 

rates which were to be measured. To adopt this approach requires 

that detailed measurements of the turbulent character of the Jet 

♦Department of Mechanical and Aerospace Engineering, University 
of Delaware 
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studied in [1] be made, Thus a considerable portion of this 

-~ report will be devoted to the determination of the Jet micro- 

i      structure. 
In addition to the usual measurements of turbulent velocity 

j      correlations and their spectra, measurements were also made of the 
fluctuation of total pressure on the centerline of the free Jet 
and at the stagnation point for the case of Jet impingement. 

Since v;e are primarily interested in the distribution of heat 

j T transfer under an impinging free Jet, the remainder of the results 
presented in what follows are concerned with measurements of the 
heat transfer from a heated flat plate to a cooler Jet which 
Impinges normally. In particular, we will, following the procedure 
of [1,2], attempt to correlate the resulting local heat transfer 

rates with the properties of the free Jet in the plane of impinge- 
ment, an appropriate local temperature difference, and the distance 
from the point of impingement made nondimencional with respect to 
the half-breadth r^ of the free Jet in the plane of impingement. 

Before going on to present these results, a review of some 

previous work on impingement heat transfer is in order, Until 
quite recently, very little information on the details of Jet 
impingement heat transfer existed. However, within the past five 
or six years several most useful studies have been made. Vlckers 
[131 studied the local heat transfer coefficients due to a laminar 
axlsymmetric fluid Jet impinging normally on a flat surface. 
Results are presented for Reynolds numbers based on the Jet exit 

velocity and diameter from 250 to 950 and for impingement 
distances 8 < z/dN < 20.* Gardon and Cobonpue [14] measured 
local heat transfer coefficients for both 3ingle and multiple 

circular turbulent Jets. Reynolds numbers varied from 7 x 10J 

to 1.12 x 10-> and the range of z/dN studied was 1.5 < z/dN 
< 50 . It is interesting to note the variation of stagnation 

" 

i 

*The notation used in this report for the Jet axis system and 
velocity components differs from that used in [1, 2]. The 
present system, which is convenient for expressing turbulence 
parameters in an axisymmetric flow, is shown in the Appendix. 
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i point heat transfer with z/öN reported in this work for single 

Jets. In Fig, 1.1 we have reproduced the pertinent figure from 

§      Gardon and Ccbonpue's paper. Note the large variation in heat 

transfer between z/cUj »1.5 and z/dN » 15 . This is primarily 

I      due to the variation in the stagnation point velocity gradient 

(öug/drjj^o as a result of the elimination of the potential core 

|      and formation of a developed jet. This may be seen by comparing 

the result3 shown in Pig, 1.1 with the results shown in Pig. 1.2 

|      which is taken from [1]. 

■ Huang [15] also studied the heat transfer below an impinging 

•      axially symmetric jet. Measurements were made for impingement 

I      distances from z/dN = 1 to z/dN = 12 and for the region 

f      0 < r/dN < 20. Jet Reynolds numbers were varied from 10^ to 10 . 

I      Huang does not indicate a variation of stajjnation point heat 

transfer coefficient with z/dN for the range 1 < z/dN < 12 

where significant variations were observed by Garden and Cobonpue., 

This result is probably due to the lower Reynolds numbers at which 

these data were taken, as might be expected from an inspection 
of Fig. 1.1. 

Gardon and Akfirat [16, 17] report measurements of local heat 

transfer below two-dimensional slot Jets impinging on a flat plate. 

The range of Reynolds numbers (based on slot velocity and slot 

bre&ctn b^ ) was from 450 to 50,000. These data show tue rapid 

variation of heat transfer with z/bN in the range 1 < z/bN < 15 

due to the elimination of the potential eore anu formation of a 

developed Jet, as has been discussed above. The effect, however, 

appears to be somewhat more pronounced in two-dimensional Jets 

than it i3 in axisytnmetric jets. Of considerable importance is 

the observation by Gardon and Akfirat that increasing the initial 

turbulence level of the jet increased the stagnation point heat 

tran3fer In the core region (z/b„ s 2). In particular, by 

increasing the turbulence intensity from 2.5 percent to 6 and 18 

percent through the use of turbulence promoters, tho heat transfer 

was increased over its value for 2,5 percent intensity by 1.2 

and 1.7 times, respectively. 
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O'Connor, Comfort, and Cass [16] have measured the heat 
transfer below an impinging arc Jet at distances such that 
6 < z/dN < 20 and at Reynolds numbers from 8 x 10^ to 1.8 x 10 . 
In this w-jrk a detailed study of the mean structure of the free 
Jet was carried out so that the stagnation point heat transfers 
might be compared with appropriate computations made for a laminae 
stagnation point having the same velocity gradient (hü /hv)rmQ  . 
The result when such a comparison was made was that the theoretical 
prediction was low by a factor of the order of 2. 

The factor of 2 found by O'Connor, et al is, as will be seen 
in what follows, roughly equal to the factor found in the 
measurements reported here for fully developed Jets. According 
to the philosophy that has been adopted, this factor must be 
ascribed to the existence of turbulence in the fully developed 
impinging Jet. 

A3 found in the studies referred to above, the general 
character of the heat transfer that results from impinging Jets 
is quite dependent on the Jet Reynolds number as well as the 
position of impingement relative to the core. For fully developed 
Jets, the stagnation point heat transfer is found to be propor- 
tional to the square root of the local free Jet Reynolds number 
Re5 = pcwcr5//'''Jl'c times a factor of the order of unity which 
accounts for the effect of Jet turbulence. Away from the stagna- 
tion point, under the wall Jet which develops on the impingement 
surface, the heat transfer is found to be proportional to the 
eight-tenths power of the local free Jet Reynolds number. The 
different dependence of these two heat transfers on Reynolds 
number causes the relative magnitudes of stagnation point heat 
transfers and wall Jet heat transfers to vary over wide ranges 
with Reynolds number. A plot of the Nusselt number qr^/kAT 
divided by the eight-tenths power of the Reynolds number Re,- 
versus r/rv for several values of Re^ has, in general, the 
character shown in Fig. 1,3, Note that for small Reynolds number 
the stagnation point heat transfer is large compared to the wall 
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Jet heat transfer and one observes a monotonic drop-off of heat 

transfer with radius.  When the Reynolds number is large, on the 

other hand, the stagnation point heat transfer is small compared 

to the wall Jet heat transfer and one observes an initial rise 

in heat trarsfer as r/r,- increases before observing the usual 

fall-off at -.arge r/r,- . In the experiments that will be 

discussed in this report, the Reynolds number was such that the 

break in the curve that occurs on transition from laminar to 

turbulent flow is so small as to be obscured by the scatter of 

the experimental data. 

*This behavior is found provided the impingement takes place 
sufficiently far from the nozzle so that nozzle interference 
effects are not present. 
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2. EXPERIMENTAL APPARATUS AND TECHNIQUE 

General Description. 

The jet apparatus used in these experiments was the same 

as that used in the earlier studies performed at ARAP on free 

and impinging Jets [1, 2], The Jet was produced by a convergent 

nozzle with an exit diameter of .511 In. (see Pig. 2.1) using 

air supplied from a blow-down system which was capable of running 

indefinitely at Jet exit velocities of up to 300 ft/sec. The 

automatic pressure regulator maintained the desired exit velocity, 

in general, within ±1 percent. Supporting hardware for the 

probes and impingement surfaces was designed to produce a minimum 

of interference with the Jet flow field. 

Details of the apparatus, instrumentation, and techniques 

used in measuring the turbulence, fluctuating pressure, and heat 

transfer characteristics of the Jet are given in the following 

sections. 

Free Jet Turbulence Measurements. 

Apparatus and instrumentation. Measurements of the turbu- 

lence intensities» and shear stress in the free Jet were made 

using a Thermo-Systems linearized, constant temperature, hot film 

anemometer. A block diagram of this instrumentation is shown in 

Pig. 2.2. The basic elements in this system are two Model 1010 

Thermo-Systems anemometers with two Model 1035 linearizers. An 

x-probe was used with 0.001-in. diameter platinum film sensors. 

In Pig. 2.1, this probe is shown mounted in the Jet on a 

traversing mechanism. Signals from the sensor were fed through 

the anemometer and linearlzer which produced an output voltage 

proportional to the instantaneous velocity at the sensor. Mean 

velocity values were determined by feeding the linearlzer output 

directly to an electronic integrator. Root-mean-square values 

of the fluctuating quantities were determined by feeding the 

linearlzer output through a sum-difference network and a 

Ballantlne Model 320A true rms voltmeter. Such a meter, of 

i 



Figure 2.1.  Photograph of nozzle and hot film x-probe. 
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course, responds only to the fluctuating portion of the signal. 

A dc output signal proportional to the mean square from the rms 

voltmeter was then integrated electronically. The sum-difference 

network and the electronic Integrator were designed and built 

at ARAP. 

One-dimensional energy spectra of w   and u   were 

measured on the jet centerline using a Hewlett-Packard Model 

302A wave analyzer  The analyzer has a fixed bandwidth of 8 Hz 

and a range of 20-50,000 Hz. 

Teclmlque. Radial surveys were made by traversing the probe 

across the Jet from edge-to-edge in a vertical plane through the 

jet centerline. Proper alignment with the centerline was 

achieved with the aid of a four-tube Pitot array which could be 

mounted on the shaft of the x-probe. The x-probe was aligned at 

the exact center of the Pitot array and the position of the probe 

was adjusted until all four Pitot tubes gave the same response on 

a multiple manometer. The x-probe was then assumed to be on the 

jet mean centerline and the Pitot array was removed. 

The measurements of turbulent shear stress were made by 

traversing the jet twice, once with the probe in its "normal" 

position and once with the probe "inverted11 or rotated about its 

axis l3o° . The average of the two profiles produced was taken 

to represent the actual measured shear stress distribution. This 

technique, of course, serves, in an axisymmetric flow, to elimi- 

nate the error caused when x-probe sensors have different angles 

relative to the mean flow as long as the axis about which the 

probe is rotated is parallel to the mean flow. An alignment check 

showed that the probe shaft was parallel with the jet centerline 

within 0.2° . The equal opposing symmetries of the measured 

profiles confirmed that this was a negligible alignment error. 

The degree to which the resulting measurement actually represents 

the true shear stress distribution is limited by furtner consid- 

erations, namely, effects of intermitten.-y in the flow and 

1 
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nonlinear response of the sensor (see Rose [19]). In the present 

case, no corrections for these effects were applied. 

Measurements of Fluctuating Stagnation Pressure. 

Apparatus and instrumentation. The measurement of fluctuating 

stagnation pressures levels in the free and impinging Jet was 

accomplished using a Bruel and Kjaer condensor microphone Model 

4136 with matching cathode follower and microphone amplifier 

Model 2603. Signals from the microphone amplifier were fed to 

the wave analyzer and integrating circuitry used in the turbulence 

measurements. A block diagram of this system is shown in Pig.2.3. 

Pressure level measurements were made on the centerline of 

the free and impinging lets by exposing the microphone diaphragm 

to the oncoming flow through a small probe tube. Since a primary 

consideration in the design of the probe was minimum flow inter- 

ference, the smallest available microphone of the desired 

performance characteristics was used. The B&K 4136 has a 

diaphragm 0.234 in. in diameter, a sensitivity of 89.0 p-volts/obar, 

and a flat frequency response from 25 to 80,000 Hz. A special 

enclosure was designed for the microphone cartridge and cathode 

follower assembly. Detailed drawings of the assembly and mounting 

are shown in Pig. 2.4. The design of the microphone enclosure and 

the probe tube involved a compromise among several factors in 

addition to minimum flow interference. The tube leading to the 

diaphragm had to be large enough in diameter and short enough in 

length not to cause excessive attenuation of the pressure signals 

and, at the same time, had to be stiff enough so that its natural 

frequency was not in the frequency range of interest. Because of 

the exposure of the microphone diaphragm to the full dynamic 

pressure of the flow, it was also necessary to provide an addi- 

tional path to allow for the equalization of the mean pressure on 

the front and rear surfaces of the diaphragm. If the pressure 

equalization hole in the B&K 4136, located on the side behind the 

threads of the microphone grid cap, had merely been exposed to the 



I 
a 
i 
i 
i 

r 

i 

>C 
MICROPHONE AND 

CATHODE FOLLOWER 
B a K 4136 + 26!5 MICROPHONE AMPLIFIER 

B a K 2603 

>-  —>- 

WAVE ANALYZER 
H-P 302 A 

TRUE RMS VOLT- 
METER 

BALLANTINE 320 A 

INTEGRATOR 

Figure  2.3.     Block diagram of fluctuating pressure measuring 

equipment. 

MIC. CABLE 

,MIC. ADAPTER PIECE 

fWr 

INNER - 
TUBE 

.020" O.D. 

.010"   I.D. 

PRESSURE 
EQUALIZATION 

PASSAGE, 
\ 

MICROPHONE 
PROBE 

HOLDER 

JACK SCREW- 

SUPPORT 

16 

j;!;ari 

MICROPHONE 
ADAPTER PIECE 
B♦K UA 0035 

cropuo.ic   mounting assembly   and   probt. 

.007" WIRE 
SPACERS 

OUTER TUBE 
.040" 0. D. 
.034"  I.D. 

SOLID GRID 
CAP 

MICROPHONE 
DIAPHRAGM 

PRESSURE 
EQUALIZATION 

HOLE 

'0" RING 



2-4 

static pressure, the resulting mean pressure imbalance across the 

diaphragm would have seriously altered the microphone's frequency 

response. Therefore, an outer concentric tube was mounted around 

the inner microphone tube and connected to a chamber within the 

microphone enclosure which led to the equalisation hole at the 

rear of the cartridge. The chamber itself was sealed from the 

static pressure outside the enclosure with an "0" ring. The inner 

tube was mounted in a solid B&K 4136 grid cap (i.e., one without 

slots) which facilitated attachment to the cartridge. The natural 

frequency of the outer tube, considered as a cantilever and 

without the stiffening effect of the inner tube, was calculated 

to be about 24,000 H:, well above the range of interest. The 

theoretical fundamental "organ pipe" resonant frequency of the 

inner tube was about 3400 Hz. Although this falls within the 

range of interest, its presence could not be detected during 

either the probe calibrations or the spectral measurements. 

Because of the nonuniform frequency response of the probe 

tube, it was nece3f>ary to determine the ever-all fluctuating 

pressure levels by making spectral measurements and integrating 

them over the rang^ of interest after applying a probe tube 

correction at each frequency. 

The frequency response characteristics of the microphone 

probe assembly were determined by mounting the probe with its 

tube through the wall of a 2-cubic centimeter coupling chamber in 

which a calibrated sound source was produced.  The actual 

response curve for this assembly is shown in Pig. 2.5 as the ratio 

of the output voltage of the microphone cartridge to the voltage 

3quivalent of the sound applied at the end of the tube. 

For the measurements in the free jet, the microphone was 

clamped rigidly in position on the traversing mechanism shown in 

Fig. 2.1. The impinging jet measurements were performed using 

♦The authors wish to thank Professor E. G. Wever and members of 
the staff of the Auditory Research Laboratory at Princeton 
University for their help in performing this calibration. 
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the same microphone probe assembly. In this case, however, the 

probe tube was fitted snugly into a hole at the center of a 

1/2-in. thick aluminum plate and positioned flush with the 

surface. The adapter piece and cathode follower were supported 

rigidly at the rear of the plate. The plate itself was held in 

the adjustable mounting Jig shown in Pig. 2.8. 

Technique. The measurements of spectra at each location were 

made with the Jet stabilized at the desired velocity and running 

continuously during the scan of the frequency range. In general, 

«      the range In which data were taken was from 100 Hz to 10,000 Hz. 

At each frequency, the signal was integrated for an appropriate 

time and the range settings of each element in the system were 

recorded. Calibrations were made of the effective gain constants 

ofthe microphone amplifier, wave analyzer, and rms meter-integrator 

system for the various combinations of range settings. These 

constants were applied t > the integrated output along with the 

microphone and probe calibration constants in order to arrive at 

the actual spectral sound pressure level in the flow. A separate 

set of measurements was made with the microphone tube blocked in 

order to determine the level of noise due to mechanical vibration 

and other sources. Since the highest value of such noise was 

less than one percent of the sound level measured with the tube 

open, the spectral levels were not corrected. Tns measured 

spectra were then integrated graphically to give the o/er-all 

souii pressure levels. 

Heat Transfer Measurements. 

Introduction. The measurements of convective heat transfer 

coefficients were made with the cold Jet impinging on a flat, 

circular heated plate containing 14 flush-mounted calorimeter 

disks with thermocouples attached. The initial portion of the 

recorded temperature-time response of each thermocouple was used 

to determine the heat transfer at that point by matching tne 

response with a suitable analytical expression. 
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In the design of the plate, the usual considerations for 
establishing the most valid behavior of the calorimeters were 
taken into account (see, e.g., [20-22]). The plate Itself and 

the calorimeters were of the same material, so that conductive 

i| r      heat fluxes due to temperature gradients or differing thermal 
properties along the plate surface could be minimized. At the 
same time, the plate and the calorimeters were thin enough to 
assure negligible internal thermal resistance to heat flux normal 

to the surface. In order to minimize conductive heat loss from 
the back, the plate was mounted on a rigid piece of insulating 

j"      material of low density, thermal conductivity, and heat capacity. 

Finally, the calorimeter gages were thermally insulated from the 
r surrounding surface by a ring of low conductivity material. The 
i diameter of this ring was kept as small as possible compared to 

the diameter of the gage in order to minimize any effects due to 

lack of thermal continuity of the surface. At the same time, of 
course, the insulation had to be sufficiently thick to minimize 

conductive heat transfer along the surface between the gage and 
the surrounding surface. 

Apparatus and instrumentation.  The heat transfer plate 
consisted of a copper sheet .015 in. thick and 12 in. in diameter 
borv'?d to an insulating back-up plate of rigid Polyurethane foam 
1 in. thick (see Pig. 2.6). The foam used was Emerson and 
Cumr'.;is "Eccofoam SH", a material designed for use at temperatures 
up to 400°F. Its density was 8 lb/ft3 and its thermal conductiv- 

ity \'-as .020 Btu/hr-ft2-°F/ft. The copper was bonded to the foam 
us!-?,; s high temperature epoxy adhesive, Emerson and Cuming 
"Ec.. "bond 106". This material was used because of its flexibility 
at hxgh temperatures which permits the bonding of materials having 
dissimilar coefficients of expansion. In making the bond, a 
minimum of adhesive was used to minimize changes in the insulating 
performance of the foam. 

The calorimeter gages were small copper disks, .015 in.thick 

't 
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and 3/16 In. in diameter. Each disk contained a copper-constantan 

thermocouple j'-nction at the center. The .010-in. diameter thermo- 

couple wiras -/-re fastened by Inserting them into holes drilled 

in the back of each disk and then soldering them to the disk with 

a ntfuimura quantity of so:.r!er, Each calorimeter was mounted in a 

hole 1/4 In. In diameter in the copper plate, thus leaving a 

circ.-lar gap 1/22 in. wide around each gage. This gap was filled 

with a high temperature pack-ln-place epoxy foam, Emerson and 

darning "Eccofoam DPT". This material has a density of about 

18 lbs/ft3 and a thermal conductivity of .025 BtuAr-ft2-F°/ft. 

The surface texture of this fine-grain material was smooth enough 

not to produce boundary layer effects due to changes in surface 

rougiiness near the gages. 

." 'use it wa3 necessary to know the exact mass of each 

calorimeter gage, it was decided to weigh each disk prior to 

aiSGiiiMy. This dictated that the gages be mounted flush with the 

pic4e surface initially rather than making them flush after 

assembly by machiniL-.g the entire surface. The latter procedure 

would have required that the gages be weighed after disassembly. 

The method devised for flush-mounting each gage and for the final 

assembly is described below. 

The 1/4-in. holes In the copper sheet were drilled undersize 

and then finished with an end mill tool while the sheet was held 

clamped between two aluminum plates. This method produced holes 

without burrs or dev>ts which required no further finishing. The 

drilled copper sheet was then clamped face down on a rigid jig 

plato and the gages with wires attached were positioned at the 

center of each hole. A special spring-loaded jig assembly (see 

Fig. 2,7) was used to hold each gage firmly against the Jig plate. 

An outer clamping ring held the copper sheet against the Jig 

plate around each gage. The pack-in-place epoxy material was 

then tamped into each ring-shaped gap from above and cured in an 

oven. The clamping jigs were then remo,T?d and a cylindrical 

piece of SH foam (see Fig. 2.6) was bonded in place at the back 

1 
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of each gage using "Eccobond 106". These pieces served to rein- 

—      force the gager. during the final assembly while maintaining the 

I I       continuity of the back-up insulation layer. The final step was 

the bonding o^ the plate to the 1-ln. SH foam sheet with the 

I       req":'.red holes cut to accomodate the gage reinforcing pieces. 

A sl:ght bowlr>3 due to excessive shrinkage of the foam during 

I       cur.-Mg of the bond material was corrected by bonding the rear 

surface of the foam to a 1/4-in. thick aluminum plate. 

f Before final assembly, eight pressure taps were drilled in a 

■       symmetrical pattern around the center of the copper plate to 
r      provide a check on the alignment of the plate in the flow. 

A heater was designed which could be held against the surface 

of the test plate and then removed suddenly when the surface 

reached the desired temperature. This heater consisted of a 

circular, buried-element, electric heating pad, 12 in. in diameter 

and 1/16 in. thick, bonded to a backing sheet of flexible silicone 

rubber foam "Eccofoam SR", 1/4 in. thick, and an insulating layer 

of "Eccofoam SH", 1/2 in. thick. The heating pad, manufactured 

by Watlow Electric Company of California, was made of glass-cloth 

reinforced silicone rubber. The heater assembly was mounted on 

the end of a pivoted arm so that it could be removed quickly from 

the vicinity of the plate. Another pivoted arm was used to 

deflect the Jet stream until after the heater was removed. 

The output of each thermocouple was recorded directly on a 

Model 906C Honeywell "Visicorder" oscillograph. The thermocouple 

cold reference Junction was maintained at 32°P in an ice bath, 

and the response of the oscillograph galvanometers was calibrated 

using a separate thermocouple Junction at the same point in the 

circuit at which the gages were finally attached. Calibration 

was made at 212°F and room temperature (70°F) by comparison with 

the response of a Thermo Electric "Mini Mite" portable pyrometer. 

Two views of the complete heat transfer apparatus are shown 

in Pig. 2.8. 

. 

I 
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Calibration of heat transfer gapes. Prior to assembly of 

the heat transfer plate, the desired response of the gages was 

verified by tests using a radiant heat input to produce a 

predictable gage response. For this purpose, a single gage 

assembly was made and mounted exactly as were the 14 gages in 

the plate. Tho copper sheet surrounding the gage was 2 in.square« 

Another gage,identical but unmounted, was also prepared in order 

to measure the heat input. This gage was blackened with lamp- 

black to insure an emissivity of unity. It was held only by its 

thermocouple leads and exposed to the beam of three infrared 

heat lamps. 

4 It was assumed that the response of the calibration gage was 

governed by the following differential equation; 

dT 

% if - «i» - u.(% - v - °£VTw - TS>      <2-i) 

where 
m = mass of the gage disk = .060 gm 

c = specific heat of copper 

Tw = gage temperature 

TQ = ambient temperature 

4j_n = unknown heat flux input 

h = convective heat transfer coefficient 

Ac e area of gage subjected to convective cooling 

Ay = area of gage subjected to radiative cooling 

a = Eoltzmann constant 

e = emissivity of gage (■■= 1 for lampblack coating) 

Using Eq. (2.1) and the measured response dT/dt , the 

values of qln and h were determined. It was found that the 

reradiation heat transfer was negligible. 

Having obtained the values of qin and h in the radiant 

test environment, the mounted gage was also blackened and mounted 

at the same point in this environment. The measured response of 

1 
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the mounted gage (temperature change as a function of time) was 

found to agree with that computed using Eq. (2.1) within 5 per- 

cent after 2 seconds. 

In order to estimate the magnitude of differences among the 

14 gages in the plate without having to calibrate each one 

separately, three additional gages were made in the same way and 

tested in the heat lamp beam. Each gage was heated by the lamps 

repeatedly and the response curves were recorded. It was found 

that the initial slopes of these response curves for each gage 

were repeata'ble within 6, 8, and 12 percent. After 10 seconds, 

the magnitudes of the responses were repeatable within 6, 4, and 

3 percent. A comparison of the average initial slope of all 

three gages showed a spread of 11 percent. It was assumed that 

a similar degree of accuracy would be expected for other gages 

constructed in this manner. 

Procedure for making heat transfer measurements. The 

impingement heat transfer measurements were made using the 

following procedure. The heating pad was first brought to a 

temperature slightly below its maximum operating temperature 

(450°F) and then applied to the surface of the test plate. The 

air jet was started and stabilized at the desired exit velocity, 

when the plate temperature approached the desired value, usually 

about 225°P, the recorder naper was started and the jet deflector 

war put in place. The heating pad was lifted away from the plate 

and the Jet deflector removed about one or two seconds later. 

Tea  temperature-time response was then recoraed. Since only 

three galvonometer channels were available on the recorder, seven 

runs were required to cover all 14 gages for a given impingement 

flow condition with the center gage repeated for reference on 

each run. 
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3. EXPERIMENTAL RESULTS - VELOCITY MEASUREMENTS 

Free Jet Measurements. 

The results of surveys of the free Jet used in this study 

are presented below. Most of the detailed hot film surveys of 

turbulent phenomena were carried out at Jet velocities of 

200 ft/sec. This resulted in an initial Jet Reynolds number 
ä 

Red of 5.2 x 10 . Although, as will be seen, certain spot 

I       checks at other velocities showed slight variations of pertinent 

parameters from the values measured at 200 ft/sec, the Reynolds 

I'       number was sufficiently high for the surveys made so that the 

general character of the turbulence did not change with further 

increase in velocity. Complete jet surveys v;ere made at axial 

stations z/d^ of 10, 20, 30, 40, and 50. Certain other local 

measurements were made so as to have complete data on certain 

variables although no detailed surveys were made at these 

stations. Only certain typical portions of the total amount of 

data obtained will be presented below. 

Mean quantities. In the process of surveying with hot film 

ane-iometers the free jet reported in [1], certain mean flow 

quantities were measured. It is instructive to compare these 

mean flow measurements with those reported In [1] which were 

obtained with a. Pitot tube. 

Figure 3,1 is a plot of the decay of the mean axial velocity 

on the centerline of the free jet as a function of distance from 

the nozzle exit. It may he  seen that the agreement between hot 

film and Pitot tube measurements of jet centerline velocity is 

excellent. Figure 3.2 shov.'s the results of a typical radial 

survey of axial velocity. Over the central portion of the jet 

the agreement between hot film and Pitot tube techniques Is 

excellent. There is, however, a tendency for the Fitot tube to 

underestimate the velocities at the outer edges of the jet. 

t   * 
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This results, as may be seen, in there being two measured h&lf- 

breadths at a point in a giver jet. The difference is not large 

(only some 5 percent). As may be seen from Fig. 3.3, which is a 

plot of Jet half-breadth as ?t function of distance from the 

nozzle, while, typically, a Pitot tube defines a narrower half- 

breadth than does a hot film probe, the half-breadths measured in 

the present studies sometimes fell outside the breadth previously 

defined by Pitot measurement. Such behavior is, in all probability, 

indicative of the lack of repeatability of free Jet measurements 

in the same laboratory from one year to the next as a result of 

subtle changes in the position and shape of nearby laboratory 

equipment related to the measurements. Finally, ?md for compar- 

ative purposes, the two profiles shown in Fig. 3,2 are replotted 

in Fig. 3.4 in the nondlmen3ional form that has been used through- 

cut our studies of jet impingement. For comparison, the commonly 

used Gaussian velocity profile has been included in this figure. 

In the remainder of this report, the basic reference length 

re that is used is that obtained from the hot film measurements. 

Turbulent correlations. Figure 3.5 is a plot of the behavior 

of the root-mean-square turbulent velocity fluctuations in the 

radial and axial directions on the centerline of the free Jet. 

As mentioned previously, most of the data shown were taken at 

200 ft/sec, but some data taken at 300 and 500 ft/sec are also 

included. This figure also shows the results of similar measure- 

ments obtained by Corrsin [23], Corrsin and Uberoi [24], Lawrence 

and Stlckney [25], and Gibson [26]. It is seen that the data are, 

on the whole, in excellent agreement with the results of previous 

Investigations except for the original low Reynolds number data 

obtained by Corrsin. An interesting point may be made in connection 

with the data presented in Fig. 3.5. It was observed during these 

studies that the region just downstream of the core, i.e., the 

region 10 < z/dj^ < 25 , was particularly sensitive, in regard to 

turbulence levels, to changes in nozzle velocity.  Indeed, the 
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small ' -mos observed in tie turbulent intensity curves in this 

region at 200 ft/sec (whie.i have not been observed by other 

investigators) may have been due to a very slight flapping of the 

jet being studied. 

The one-dimensional spectra of the centerline w "" and u 

just presented v/ere obtained at the five reference stations 

z/dN = 10, 20, 30, 40, and 50.* The wl2 spectra for z/dN = 20, 

30, 40, and 50 are plotted in Pig. 3.6, while the spectrum for 

z/dN = 10 is shown in Fig. 3.7. Careful comparison of these two 

figures indicates that turbulent similarity has been achieved at 

approximately z/dN =20. At z/dN = 10 , although from previous 

measurements [1] it was established that similarity of the mean 

velocity profiles had been  achieved, it is obvious from a compar- 

ison of the data in Figs. 3.6 and 3.7 that turbulent similarity 

is not yet achieved. The w'2 spectra obtained in the developed 

free jet agree well at the lower wave numbers with a similar 

spectrum obtained by Gibson [26], As might be expected, Gibson's 

data, having been obtained at an order-of-magnitude higher 

Reynolds number, do not indicate as rapid a fall-off with increasing 

wave number as do the present data. Also as expected, Gibson's 

spectrum exhibits a larger region in which the ~5/3 power fall- 

off typical of high Reynolds number turbulent spectra is adhered 

to. 

Radial velocity spectra are shown in Fig 3.8. Again it 

appears that the spectrum for s/d« = 10 has not yet achieved 

similarity. Indeed, the general similarity of spectra for 

z/dft > 10 is not so pronounced as in the case of the w1^ spectra. 

* The spectra are presentee1 in the form of normalized power spectra 
based on the nondimensional frequency rj-k . Thus 

F_ (r k)  = -i- _dwl_ and Tp        d(    k)  =  l 

w^      5 w'2 d(r5k) 0    ^ 

where    k =  27rf hi c 
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Some of this lag Is due to experimental error, but a portion of 

the lag is probably due to the longer time taken for the u'2 

spectra to achieve complete similarity - a result that is expected 

from theoretical considerations. 

Prom the w'2 spectra just presented, the integral scalt L 
tu 

of the turbulence on the centerline of a developed free Jet may 

be evaluated from the relation 

Lz = |P^0) • r5 (3.D 

where F  (0) is the zero intercept of the nondimensional 
w'2 

spectrum function F—— (r^k) , Estimating the zero intercepts 
w 2 

of the power spectra shown in Fig. 3.6 to be approximately 0,4 

results in an integral scale in the developed region of the free 

jet that is roughly 63 percent of the local half-breadth of the 

Jet. 

In Figs. 3.9 and 3.10, distributions of the root-mean-square 

values of u'2 and w'2 that are typical of a developed Jet are 

plotted. In Fig. 3.9 uf ana w' are made dimensionless using 

the local mean velocity w , while In Fig. 3.10 the centerline 

velocity w  is used. Jt will be noted in Fig. 3.10 that a 

small dip appears in the magnitude of u1 and w1 on the axis 

of the jet. This dip represents the last vestige of the effect 

of the core region of the jet, since, In the core, the maximum 

turbulent velocities are found away from the axis. The disappear- 

ance of the dip in the u' and w1 distributions may be taken as 

another indication of the Jet having become fully developed at 

z/dN = 20 as has previously been noted by Corrsin [23]. 

In Figs. 3.11 and 3.12 a distribution of the turbulent shear 

correlation u1wr across the jet that is typical of the developed 

region is shown. As before, two methods of making this stress 

correlation nondimensional are depicted. In Fig. 3.12, our 

measurements are compared with those of Corrsin [23] and the 

agreement is seen to be excellent. 
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At this point, it can be concluded on the basis of the 

measurements just presented, that the turbulent characteristics 

of the free Jet used in this study a^ree well with turbulence 

measurements made in other free jets. In view of its well-behaved 

microstructure, it would appear that the heat transfer measurements 

that will be reported later should be typical of those that will 

be found in free jets whose Reynolds numbers are high enough for 

fully developed turbulent jets to be established. 

I 
I 
I 
[ 
f 
r 
1      Impinging Jet Measurements. 

* Before the present series of tests were run, it was antici- 

I      pated that the interaction between the free jet and the surface 
i 

upon v/hich it impinged mi~ht be such as to cause the jet to flap 

significantly. If this occurred, not only would the turbulence 

level in the jet be grossly changed but the heat transfer and 

pressure distributions on the plate could no longer be properly 

related to the characteristics of the free jet in the plane of 

impingement. In order to check on the possibility of such 

flapping interactions, detailed measurements of the mean and 

fluctuating components of velocity just upstream of the impinge- 

ment plate on the centerline of the jet were made for z/dN = 10, 

20, 30, 40, and 50. All surveys were made for a nozzle velocity 

of 200 ft/sec. These results are given in Figs. 3.13 through 

3.17. The data are plotted both as a function of z/d^ and as a 

function of the distance upstream of the plate z1 made nondimen- 

sional with the local free jet half-radius. It may be seen from 

an inspection of Pigs. 3.13 through 3.17 that at all locations of 

the impingement plate in the Jet the mean and turbulent velocities 

away from the plate approached the values measured in the free Jet 

closely enough so as to inaicate that no serious Jet flapping 

existed. Near the core (z/dN = 10) the upstream influence of the 

plate extends some two jet half-breadths which at this location 

is roughly two nozzle diameters.  In the developed jet, the up- 

stream influence becomes fixed at approximately 1.6 jet half- 

breadths. 
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4.  EXPERIMENTAL RESULTS - PRESSURE MEASUREMENTS 11 

. 

Before going on to discuss the heat transfer measurements 

that were made, one more set of measurements which were designed 

__      to complete the specifications of the free jet being employed 

should be presented. Measurements were made of the fluctuations 

in total pressure on the centerline of the free Jet and at the 

stagnation point of the impingement plate. These measurements 

were made at 200 ft/sec for axial positions z/dN = 10, 20, and 

30. The nondimenslonal spectra of these total pressure fluctua- 

tions in the free Jet are shown in Pig. 4.1. As in the case of 

r 

i 

the other turbulent spectra which have been reported, it would 

appear that total pressure fluctuations also become of similar 

form for z/dN > 20.*  The spectra of p'2 at the stagnation 

point of the Impingement plate are shown in Fig. 4.2. Here again 

the spectra appear similar for z/d„ > 20 except for what is 

felt to be an experimental difficulty at the higher frequencies. 

It is of some interest to compare these data with the measurements 

obtained by Strong, Siddon, and Chu [27] for a Jet of nozzle 

Reynolds number Re, = 2.8 x 10^ and at z/d„ = 7 . While one 

would not expect these spectra to agree exactly, the general forms 

of the spectra are similar. 

  The spectra Just presented can be integrated to obtain 

P V<L? . These nondimensional total pressure fluctuations are 

plotted in Pig. 4.3 as a function of z/dN . It is easily seen 

from these results that the root-mean-square pressure fluctuation 

at the stagnation point of the impingement plate is roughly 70 

percent of the rms total pressure fluctuation in the free jet 

at an equivalent z/dN . One may also note the good agreement 

between the present measurements and those of Strong, et al. 

* The lack of similarity of these spectra at the higher wave 
numbers, although this has not yet been traced down, is thought 
to be due to difficulties in obtaining a proper transfer function 
for the pressure transducer at the higher frequencies. 
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5. EXPERIMENTAL RESULTS - HEAT TRANSFER 

Having presented a fairly detailed description of the free 

Jet in which this study of impingement heating was carried out, 

we now proceed to a discussion of the actual heat transfer 

measurements. Table 5.1 indicates the heat transfer distribution 

tests which were made. Listed in the table are the nozzle velo- 

cities and z/d« for which measurements were made together with 

the pertinent values of local centerline velocity, jet half-breadth, 

and local Reynolds number. Note the approximate constancy of Re- 

with z/dj, for a fixed nozzle velocity. This constancy is 

expected in the developed region of the free jet. 

Figures 5.1 and 5.2 are typical plots of heat transfer distri- 

butions on the impingement plate. These particular distributions 

of film coefficient h = q/AT versus r have been selected as 

they were taken at the lowest and highest Reynolds numbers at 

which tests were made. It will be noted that the general 

character of these curves follows the behavior discussed in the 

introduction of this report; that is, the stagnation point heating 

is relatively high compared to the wall heating at low Reynolds 

number and this ratio becomes smaller as the Reynolds number is 

increased. Some liberty has been taken in fairing the curves in 

Figs. 5.1 and 5.2 as a result of knowledge of the behavior of the 

various individual heat gages gained during the performance of 

many tests. In general, it was found that the heat transfer near 

the stagnation point behaved in a manner similar to that of a 

laminar boundary layer on a surface having the same pressure 

distribution. The heat transfer rates were, however, a factor of 

1.5 to 2 times larger than the calculated laminar values. Away 

from the stagnation point on the plate, it was found that the 

heat transfer behaved in a manner similar to a normal turbulent 

boundary layer which developed in an external flow having a free 

stream velocity equal to the local maximum velocity in the wall 

jet. A more precise statement of this br'navior is given in [28] 

which reports a theoretical study done in conjunction with the 

present experimental etudy. 

1 
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Table 5.1 

z 
dN 

1 
w1 , ft ;/sec 

_ ____— 

500 
-1 

70 0 200 300 

7 

wc = 

r5 = 
Rec = 

177 ft/sec 

.345 In. 

3.12 x 10+ 

10 
C 

IV = 
0 

Re,. = 
5 

134 

.450 

3.08 x 104 

224 

.398 

4.55 x 104 

401 

.386 

7.89 x 104 

15 

w = c 

Rec = 5 

90 

.670 

3.16 x 104 

149 

.533 
4.44 x 104 

257 
.572 

4 
7,51 x 10 

20 
w = c 
r5 = 

Rec = 5 

69 

.931 
3.28 x 104 

109 

.838 

4.67 x 104 

190 

.790 
7.67 x 10 

30 r5 = 
Rec = 5 

45 

1.43 
3.28 x 104 

70 

1.39 
4.97 x 104 

120 

1.33 
8.15 x 104 

168 

1,30 

! 1.12 x 105 
1 
i 

I 
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Because of the great difference between the behavior of the 

heat transfer at and near the stagnation point and in the developed 

wall Jet, it is convenient to discuss the measurements in these 

regions separately. 

Stagnation Point Heat Transfer. 

In Pig. 5.3 the measured stagnation point heat rates made 

dimensionless by means of the expected laminar heat transfer rates 

are plotted as functions of z/d 
N 

The laminar heat transfer 
rates were obtained from the relation [29] 

llam S^Ty/ /"fS&rJ** - T»} (5,1) 

For the particular conditions at which these tests were run, this 

relation reduces to 

JSL« 
AT 6,95 x 10 

-1 //du" 

7 ^Lo (5.2) 

Foi each of the test conditions, the stagnation point velocity 

gradient (dur/dr) Q was evaluated from the data given in [1]. 

and these are the exact values of Qnam used in Pig. 5.3. Be ore 

going on to discuss Pig. 5.3, it will be useful to note that if 

the stagnation point velocity gradient is written 

V dr y^Q 
f-iA  . o 

w. 
(5.3) 

then Eq. (5.1) can be written in the form of a Nusselt number and 

a Reynolds number based on the local free jet half-breadth as 

where Pr is the Prandtl number. 

(5.4) 
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If a is taken to be the value found for fully developed free Jets, 

namely, a = 1.13 [1] >  then for the conditions of these tests 

Ntu 
2 = 0.635 (5.5) 

vReT 

Returning to Pig. 5.3, it may be seen that the stagnation 

point heat transfer i3 lerger than that predicted for a true 

laminar flow by a factor that is a function of z/dN . There does 

not seem to be any consistent effect of Reynolds number that can 

be discerned from the data. Comparing Pig. 5.3 with Pig. 3.5 and 

noting the son-:what similar behavior of the two curves might lead 

one to su3pect that it was the turbulence level in the jet prior 

to stagnation that wa3 causing the increased laminar heat transfer 

rates. As mentioned in the introduction, similar increases in 

stagnation point heat transfer have been measured on spheres and 

cylinders in flows having approximately homogeneous turbulence 

produced by grid3. In  these experiments it has been pointed out 

that there are two primary parameters that affect the results; 

the relative turbulent intensity and the ratio of the integral 

scale of the turbulence to the scale of the body in question. In 

a free jet one of these parameters is suppressed, since, as has 

been ahovrn earlier, the ratio of integral scale to the local scale 

length is a constant.  In view of this, there is shown in Fig. 

5.^ a plot of Q/QTO^ versus the average relative turbulent a am 
intensity in the free jet   k/w  . where 

k1 - \  v47*772 (5.6) 

There is seen to be a general increase in q/q, ^ with turbulent lam 
intensity, but the scatter of the data at the higher intensities 

*In a fully developed free jet, the only local scale length is, 
of course, the half-breadth of the jet. 
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is somewhat large. This scatter is somewhat larger than can be 

attributed to any one step in arriving at data plotted in Pig. 5A, 

but perhaps an accumulation of differences can account for the 

scatter when one considers the problem of going from conditions 

defined in a free jet to conditions in a given jet impingement. 

In spite of the scatter evident in Pig. 5.4, it is clear that 

there does not seem to be any strong effect of Reynolds number. 

It is of interest to compare the results just presented with 

the results of recent investigators for the effect of turbulence 

on heat transfer to cylinders in a uniform turbulent stream. It 

mu3t be realized that this is not exactly a legitimate comparison 

since it compares results from two-dimensional flow with those of 

axlsymmetric flow, and results from homogeneous turbulence with 

results from noahomog3neou3 turbulence. In addition, in one 

circumstance, the velocity gradient at the stagnation point is 

caused by body curvature while in the other the same gradient is 

caused by the rotational velocity profile of the impinging jet. 

Nevertheless, on Pig. 5.5, which is a repetition of the data 

given in Pig. 12 of [12], we have plotted the results of cur 

measurements. In order to have rough equivalence, the Reynolds 

number based on diameter, used by Smith and Kuethe, has been 

replaced by the Reynolds number based on twice the half-breadth 

in plotting the free Jet data. It can be seen that the order of 

magnitude of the effect of turbulence is about the same as has 

been found by other investigators. In detail, however, the 

results are quite different. Close examination of the data shows 

that the effect of Reynolds number is not nearly as pronounced in 

our axiaymnkjtric free jet results as has been found to be the case 

for cylinders in uniform turbulent flow. 

Before going on to discuss the heat transfer away from the 

stagnation point, it may be useful to present, in Fig. 5.6, a 

plot of NUc/VReT versus Reynolds number, together with the 

expected accuracy of determining NUc/v'ReT that results from the 

measurement of q and the evaluation of qlam from measured 
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values of (du /dr) Q . It would appear, as has been stated 

earlier, that there is no discernible effect of Reynolds number 

that can be gleaned from these data. 

Heat Transfer Close to the Stagnation Point. 

Close to the stagnation point, the boundary layer behaves as 

a laminar layer disturbed by having embedded in it the turbulence 

carried in from the free Jet. In the experiments reported here, 

this region is not well instrumented. The number of heat transfer 

gages in this region near the stagnation point was not large and 

these gages proved, unfortunately, to be some of those which had 

large variations from the mean in their behavior. As a result of 

these variations, it is difficult to make detailed comments 

concerning the measured distributions of heat transfer near the 

stagnation point. It does appear, however, that the actual heat 

transfers fall off with r/r- at a rate slightly greater than 

that predicted by correcting the normal distribution of laminar 

heat transfer by a turbulence factor equal to that measured at 

the stagnation point. This may be seen from an inspection of 

Pig. 5.7 where the measured heat transfers near the stagnation 

point are compared for the case of z/d„ = 30. Although a great 

deal more work is needed before the exact nature of this near- 

stagnation point heat transfer fall-off is understood, it is 

suggested that, for most engineering computations at large 

Reynolds numbers, sufficient accuracy will be achieved by applying 

the stagnation point turbulence correction factor to the normal 

laminar heat transfer rates in order to estimate local heating 

near the stagnation point of impinging flows. If such a procedure 

is folxowed, it will be found that t: . heat transfer in the region 

near the stagnation point will be proportional to the square root 

of Rej. and will be a decreasing function of r/r,. similar to 

the distributions shown in Pig. 1.3. 
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Heat Transfer Par from the Stagnation Point. 

Once transition ha3 occurred in the developing axially 

symmetric wall jet at a point away from the stagnation point, the 

behavior of the heat transfer is quite different from that in the 

vicinity of r = 0 . Indeed, based on a simplified analysis of 

the development cf a turbulent boundary layer in a flow whose 

external velocity falls off as does the maximum velocity in the 

wall jet, one would expect, at large distances from the stagnation 

point, I.e., r/r,- » 1 , that the Nusselt number based on the 

length r would be proportional to the eight-tenths power of the 

Reynolds number based on r^ , namely, 

< a 
Nu = |^= const (Re5)

# (5.7) 

! 

I 
I 
1 
I 
I 

Nu,.        r 

I (Re)'8 

or, if Nue = qr5/kAT 

5_= const J* (5.8) 

(Re5) 

In view of this relation for r/r,. » 1 , we might expect a 
5 

generalization of Eq. (5.8) for smaller r/r,. to be of the form 

Nuc     / _v 
= f uy (5-9> 

(Re5) 

In ^igs. 5.8 through 5.11 the measured heat transfer distri- 

butions have been plotted in the form indicated by Eq. (5.9)> 
namely, as NUp. as a function of r/r,-  . It should be noted that 

the scatter of the data is largest in Pig. 5.8 and in particular 

for the cases of z/dN of 20 and 30. These conditions represented 

the lowest heat transfer rates measured and are those for which the 

experimental errors are largest. As the Reynolds number was 
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Increased and the general level of heat transfer Increased, the 

scatter in the data decreases (see Pigs. 5.9 through 5.H). 
When the data are plotted as In Figs. 5.8 through 5.H for 

a fixed Reynolds number, only one curve of Nu- versus r/r,. 
should result at r/rc » 1 . Thus the data scatter at large 
r/r5 in these figures is truly a measure of experimental accuracy 

which for low velocity and large z/d« was poor. On the other 

I 
I 
I 
I 
I 

hand, when all the data shown in Pigs. 5.8 through 5.11 and 
I      obtained at different Reynolds numbers are plotted on the same 

graph as is done in Pig. 5.12, the fact that for r/r,- equal to 
f approximately 2 or greater all the data fall on one curve within 
J the expected experimental accuracy indicates that a relationship 

f-       such as that given in Eq. (5.9) Is valid. 
Rosenbaum and Donaldson, in a theoretical study done in 

conjunction with the present work [28], have derived a theoretical 
expression for the turbulent heat transfer below an impinging Jet. 
Their result for the case when Reynolds analogy is assumed to hold 

is plotted in Pig. 5.12 for reference. 
The success of the simple correlation suggested by Eq. (5.9) 

encourages one to attempt a correlation of the form given in 
Eq. (5.7) in order to obtain a description of the behavior of jet 

impingement heat transfer at large r/rc . Figures 5.13 through 
5.16 are the result of plotting our measurements in this form. 
As before, one sees a more pronounced scatter in the data at ?ovi 
speeds and large z/d« . In addition, the only data which yield 
information concerning the large r/r_ behavior of the parameter 
Nu.-ARejJ*8 are those taken at z/dN = 10 and 15. Inspection of 
the data does indicate, however, that an asymptote may be 
approached at large r/r,- . Further investigation Is neec 
on the basis of present data, it would appear that heat transfers 

at larg« 
formula 

approached at large r/r,- . Further investigation Is needed, but 

d£ 

at large r/rv might be computed on the basis of the following 

m= &~  °.12(Re5>'
8 (5.10) 
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Comparison with Other Results. 

In general, the heat transfer results obtained in this study 

agree well with the results of other investigators. It will., 

perhaps, suffice to compare our results with those of Qardon and 

Cobonpue [14],  In the upper part of Pig. 5.17, a comparison is 

made of radial heat transfer distributions for the most nearly 

equivalent conditions. It is seen that the agreement is excellent. 

Hie lower portion of ?ig, 5.17 shows the axial variation of 

4/4lam •  In this case the agreement at the two downstream 

Btations is not good, with the values of 4/Qlam  measured by 

Qardon and Cobonpue falling some 27 percent below those of the 

present study. At present, the reason for this disagrement is 

not understood. 
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6. DISCUSSION 

It was the purpose of the present investigation to develop 

a rationale for computing the heat transfer that results when a 

Jet impinges on a surface. It appears from the results just 

presented that the following procedure should yield results that 

will suffice for most engineering purposes. 

In the region near the stagnation point, the heat transfer 

should be computed by first computing the laminar heat transfer 

that would take place on a surface having the same pressure 

distribution as that on the impingement plate. A constant 

correction factor is then to be applied to these results to 

account for the structure of the turbulent Jet. The appropriate 

correction factor, which is a function of z/d„ and not of 

Reynolds number, is to be obtained from the results given in 

Pig. 5.3. 

Farther away from the stagnation point, the heat transfer 

should be computed on the basis of the technique given by 

Rosenbaum and Donaldson [28] and plotted in Fig. 5.12. At most 

Reynolds numbers of interest, adequate results fill be obtained 

by assuming the larger of these two results to be the proper 

local heat transfer rate. 

Very far from the stagnation point, it appears that the heat 

transfer film coefficient falls off as 1/r , and for large r/rF 

the heat transfer may be estimated from the approximate formula 

Nu = -ä£~ ^ o 12—2- 

i 
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7. SUMMARY 

. The results of an experimental study of the heat transfer 

g      belcw normally Impinging Jets have been presented. These results 

have been correlated on the basis of the local mean flow and 

I      turbulent characteristics of the free Jet that would exist in the 

plane of i"npin£~Jtuent were the plane to be removed. In order to 

I      make thes- local correlations possible, a rather extensive survey 

of the free Jet used in the experiments was made that could be 

used in connection with previous studies of the local mean 

character of the Jet. on the basis of the method of local corre- 

lation which is developed, a rationale for computing heat transfer 

distributions below impinging Jets is suggested. 

I 
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APPENDIX 

Notation system used for f J.ow variables 

u = u + u = total instantaneous radial velocity 

v = v + v' = total instantaneous tangential velocity 

w ■= w + w1 = total instantaneous axial velocity 

i 

u  = V u 

v' •= v v'2   root-mean-square turbulent components 

w' = v  w' .' 2 

p = p + p = instantaneous total pressure 

./? ̂ = root-mean-square :,otal pressure fluctuation 

z = axial coordinate 

<t> -  tangential coordinate 

r = radial coordinate 



APPENDIX (continued) 

Schematic of axisymmetrlc, subsonic turbulent Jet flow 
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Nozzl«    Sta. I 

W-, = 

w = 

d„ - 

mean velocity at nozzle exit plane 

mean velocity on the jet cen';erline 

jet half-breadth• radius at which w 

diameter of nozzle exit 
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